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ABSTRACT
FABRICATION OF ALIGNED NANOFIBER YARNS, MATS AND ISOLATION
OF SINGLE NANOFIBER IN ELECTROSPINNING
by
Venkatesh T. Nathilvar
Electrospinning has been extensively used as an effective technique for the fabrication of
submicron and nanometer scale polymeric fibers. In spite of technological advances in
electrospinning, creating a highly aligned fiber structure is a tough target to be achieved
because of the chaotic motion of the electrospinning jet. In this study, two different
techniques have been adopted to form a highly aligned nanofibrous scaffolds. Using these
methods highly aligned fiber yarns and mats are produced from Cellulose Acetate (CA)
in a mixed solvent of acetone and water. In both the techniques the nanofibers suspend
over the gap in a highly oriented manner, and they can be easily transferred onto a
substrate for further applications. Since the fibers generated by electrospinning are in
micrometer and nanometer scale, it is very complex to isolate and manipulate an
individual nanofiber. To address this issue, the technique that is used to fabricate
nanofiber mat is incorporated with some modifications to isolate a single nanofiber.
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CHAPTER 1
INTRODUCTION AND OVERVIEW

1.1 Synopsis
In this chapter a brief introduction to cellulose and cellulose derivatives is given. It
presents a review of using cellulose and cellulose derivatives in biomedical applications.
Cellulose acetate being a biocompatible polymer can be easily molded for three
dimensional scaffold design to follow micro and nano features. The focus of this thesis is
to form aligned cellulose acetate fibers by implementing two different techniques and to
collect a single nanofiber, which will be helpful in determining the mechanical properties
of fibers. The morphology of scaffold developed by these methods is examined using
Scanning Electron Microscopy (SEM). These techniques provide a basic understanding
about the formation of aligned fibers and its impact in the field of tissue engineering.

1.2 Introduction
For the past two decades, significant advances have been made in the development of
biocompatible and biodegradable materials for biomedical applications. The purpose is to
develop and characterize artificial materials for use in the human body to measure,
restore, and improve physiologic function, and enhance survival and quality of life.
Typically, inorganic (metals, ceramics, and glasses) and polymeric (synthetic and natural)
materials have been utilized for such applications.
Among the natural polymers, cellulose constitutes the most abundant, renewable
polymer source available today worldwide. In 1838, French chemist Anselme Payen
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described a resistant fibrous solid that remains behind after treatment of various plant
tissues with acids and ammonia, and after subsequent extraction with water, alcohol, and
ether [1]. He determined the molecular formula for this solid material to be C61 -11005 by
elemental analysis. He also observed that this material had isomerism with starch. The
term "cellulose" for this plant constituent was coined in 1839 in a French academy report
on the work of Payen [2].
Cellulose is a versatile starting material for chemical conversions, aiming at the
production of artificial, cellulose-based threads and films as well as a variety of stable
cellulose derivatives used in many areas of industry and domestic applications. Cellulose
is a polydispersed linear homopolymer consisting of regio- and enantioselectively 0-1, 4glycosidic linked d-glucopyranose units (so-called anhydroglucose units [AGU]) [3]
(Figure 1.1).

Use of cost-effective scaffold materials and its simple modification will promote
the cell culture and tissue engineering sectors. Cellulose and cellulose derivatives are
used as tough versatile materials [4]. In recent years, cellulose acetate is molded or drawn
into fibers for textile applications, for designing composite materials, drug delivery etc.
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In addition, cellulose based materials have very low water solubility, and therefore
allowing for better control over the design of scaffold.
Recently several studies exposed the use of cellulose derivatives for culturing
cells and for its implantation. For instance, the research includes hepatocyte culturing for
an artificial liver [5-7], expansion of progenitor hematopoetic cells [8] and bone
regeneration [9-10]. Moreover cellulose derivatives have shown low inflammatory
response and in biomedical applications they have less foreign body reactions [9, 11, 12].
In tissue engineering and in cell culture, spatial separation and arrangement of extra
cellular matrix plays a vital role in controlling cell shape, regulating physiological
function, and defining organ architecture [13]. In all the studies sited above, the scaffold
used for the cell growth consisted of randomly oriented fibers.
Studies have indicated that biomaterial scaffold architecture can significantly
affect tissue ingrowths [13]. So in order to facilitate the anisotropic growth of cells in the
scaffolds, the fibers that make the scaffold should be aligned. Addressing this issue, in
this study two different approaches have been utilized to achieve the alignment in
cellulose acetate fibers. Cellulose acetate, a biocompatible polymer with exceptional
molding properties for three dimensional scaffold designs, could be effectively used as a
substrate for cell attachment, growth and proliferation. Typically morphology of
electrospun scaffolds is characterized using high resolution scanning electron microscopy
(SEM). In view of this, scanning electron microscopy is adopted in this study, to analyze
the morphology of cellulose acetate fibers.

4
1.3 Research Objective
The primary goal of this thesis is to demonstrate that the electrospinning process can be
used to produce aligned nanofiber scaffold. A further objective is to prove that a single
nanofiber can be effectively isolated from electrospinning process. The isolation of single
nanofiber has implications in developing the capability at MDCL to characterize the
mechanical properties of single nanofibers.
The thesis work is divided into three sections. In the first section, aligned
fibers are produced using aluminum blades placed in a line with a gap between them.
These aluminum blades are used as counter electrodes to guide the electrospinning jet
and collect the fibers. In the second part, a different setup is used to get aligned fibers, in
which the collector has a gap in its middle. This collector is fabricated by placing two
narrow pieces of any conducting material (aluminum blades) in a parallel array. In both
the approaches, the width of the gap may possibly be varied from micrometers to
centimeters. In the third part, a method to isolate a single nanofiber is developed by
incorporating some modifications in the parallel arrangement of aluminum blades. The
material used for the fabrication of scaffold is cellulose acetate. Characterization of the
aligned electrospun fibers produced by both the approaches is carried out using Scanning
Electron Microscopy (SEM).
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1.4 Overview of the Thesis
Chapter 2, gives a brief review of cellulose and cellulose derivatives. This chapter also
discusses the properties of cellulose acetate and its various functional applications.
Chapter 3 deals with the background of different experimental methods employed in this
study. It includes a general background and theoretical principles behind these
experimental methods. A brief introduction to electrospinning of aligned fibers, methods
to form aligned fibers, and previous attempts in obtaining aligned fibers are discussed in
chapter 4.
Chapter 5 provides the research methodology adopted in this study. It gives
details about the two different approaches used in this study to obtain aligned nanofibers
and a method to isolate a single nanofiber. It also gives the information about how to
characterize the fibers using scanning electron microscopy (SEM). In chapter 6 results
and discussions are given by analyzing the samples from both the approaches. Chapter 7
concludes with the summary of findings, recommendations and modifications for future
applications.

CHAPTER 2
CELLULOSE ACETATE BACKGROUND

2.1 Synopsis

Cellulose is the most abundant naturally occurring organic substance. It is being found as
the principal component of cell walls in higher plants and also the main component of
various natural fibers. But the processing of cellulose is restricted by its inability to be
dissolved by most solvents because of its numerous intermolecular and intramolecular
hydrogen bonding. Therefore it is necessary to modify the cellulose structure by
derivatization methods to partially or fully replace the hydroxyl groups on the cellulose
chain with various other functional groups. These methods yield cellulose derivatives,
which exhibit better solubility characteristics and thus provide a wider range of use. In
this regard, this chapter gives the brief introduction to cellulose and cellulose derivatives,
chiefly cellulose acetate, the cellulose derivative used in this thesis. Then a brief
discussion about the various properties of cellulose acetate is given. It also presents the
examples of the use of cellulose acetate in various applications

2.2 Introduction to Cellulose and Cellulose Derivatives
Cellulose is a long-chain polymeric polysaccharide carbohydrate of beta-glucose [14]. It
forms the primary structural component of green plants [15, 16, 17]. The primary cell
wall of the green plants is made primarily of cellulose; the secondary wall contains
cellulose with variable amounts of lignin. Cellulose is the most abundant form of living
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terrestrial biomass [15, 16]. Cellulose is insoluble in water and in most common solvents
[16]. Despite its poor solubility characteristics, cellulose is used in various applications
like filler material, packing, coating, paper, composites, gunpowder, netting etc.
Chemical modifications of cellulose are performed to enhance the process ability and to
produce cellulose derivatives which can be tailored for specific industrial and biomedical
applications [18]. The hydroxyl groups of cellulose can be partially or fully reacted with
various chemicals to provide various cellulose derivatives with useful properties. These
cellulose derivatives can be regenerated, recycled. They also possess biocompatibility
[18, 19]. Cellulose derivatives are being utilized in various biomedical applications like
dialysis membranes [20], filters [21], and blood purification membranes [22]. Cellulose
esters and cellulose ethers are the most important cellulose derivatives.
Among the esters are cellulose acetate and cellulose triacetate, which are film and
fiber-forming materials that find a variety of uses. The inorganic ester nitrocellulose was
used as an explosive and as an early film forming material. Cellulose esters are produced
by the reaction of cellulose with the corresponding organic/inorganic acid and a strong
catalyst. Depending on the substituent and degree of substitution they are used as textile
fibers, coatings, cigarette filters, membrane, and celluloid [20-22].
On the other hand, cellulose ethers are produced by means of alkali reactions [23].
They are readily water soluble and used as additives in diverse industries as food, paint,
pharmaceuticals, ceramics, textiles and building materials. The most common cellulose
ethers are ethyl cellulose, carboxymethyl cellulose, and hydroxypropyl cellulose.

8
The utilization of cellulose and cellulose derivatives require a comprehensive
understanding of physical and chemical properties of various derivatives. This will be
discussed in the forthcoming session.

2.3 Properties of Cellulose Acetate
Cellulose acetate, first prepared in 1865 by Paul [10], is the acetate ester of cellulose. It is
an ester formed by mixing cellulose, acetic acid, and acetic anhydride. The acetylation of
cellulose is usually carried out with acetic anhydride in the presence of sulfuric acid as
catalyst [24]. Cellulose triacetate is often known as primary cellulose acetate, and
partially hydrolyzed material is called secondary cellulose acetate. The chemical and
physical properties of cellulose derivatives are influenced by the type and nature of
substituents, the degree of substitution, the chemical nature of substituents, the average
molecular weight, and the molecular weight distribution.
Many chemical and physical properties of cellulose acetylation products are
strongly dependent on the degree of esterification, which is measured by the acetyl
content or the acetic acid yield [25]. Moreover the chemical properties of an acetate fiber
depend on the degree to which acetate groups have replaced hydroxyl groups in the
cellulose molecule [26]. The more hydroxyl groups there are remaining, the greater is the
fiber's cellulosic character.
The solution properties of cellulose acetate are influenced by the average degree
of substitution and the distribution of substituents along the chain [27]. Cellulose itself is
insoluble and reaches its decomposition temperature before melting. The acetylation of
hydroxyl groups reduces intermolecular bonding, and increases free volume depending
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upon the level and distribution of substitution [28]. Cellulose acetate is soluble in specific
solvents such as acetone, DMAc, but still requires plasticization for rheological
properties appropriate to molding and extrusion processing conditions.

2.4 Applications of Cellulose Acetate
The utilization of cellulose acetate dates back to 1920s, when Swiss brothers Camille and
Dreyfus developed the cellulose acetate film, which was widely used in celluloid plastic
and motion picture film [10]. Properties like good toughness, deep gloss, low toxicity and
high transparency made cellulose acetate attractive for a number of applications [29].

2.4.1 Textiles and Fibers
Cellulose acetate fibers are used for textiles and clothing. Factors making this material
suitable for this application include the fact that it is comfortable, breathable and
absorbent. They can also be dyed in many different colors and combined with a range of
other fibers such as rayon, cotton, wool, silk etc.

2.4.2 Tools
Handles for tools have often been made with cellulose acetate. This material has been
used for this application due to its natural feel and toughness.

2.4.3 Film Media
Cellulose triacetate has been the material of favor for photographic film since about 1940
produced by Swiss brothers Camille and Dreyfus [30]. A product called "safety film"
exists that has been popular due to its resistance to combustion.
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2.4.4 Biomedical Applications
Cellulose Acetate has been effectively utilized in the area of drug delivery, wound
dressing, personal hygiene products, absorbent clothes and wipes. Studies have shown
that cellulose acetate have been effectively used as hemodialysis membranes [31].
Moreover it is being utilized in the manufacturing of reverse osmosis membranes [32].

CHAPTER 3
ELECTROSPINNING AND SEM BACKGROUND

3.1 Synopsis
The focus of this chapter is to provide a brief introduction to the experimental techniques
used in this thesis. It includes a general background and the theoretical principles behind
the experimental methods. The study includes Electrospinning and Scanning Electron
Microscopy (SEM) which are discussed in detail in this chapter. Regarding
Electrospinning, this chapter provides the background, early attempts, theory, and
applications of electrospun fibers. Electrospinning is used to produce nanofiber scaffolds
and the Scanning Electron Microscopy (SEM) is used to characterize the scaffolds
produced by the method of Electrospinning. These experimental techniques provide the
basic needs for the scaffold preparation and its characterization at microscopic level.

3.2 Introduction
The history of fibers is as old as human civilization. Fiber history can be divided into
natural fibers and man-made or chemical fibers. Natural fibers which have existed for
4000 years or more and man-made fibers exist for less than hundred years. Natural fibers
include cotton, hair, fur, silk, and wool. Man made fibers fall into two categories:
Regenerated fibers and Synthetic fibers. Regenerated fibers are made from natural
materials by processing these materials to form a fiber structure. Rayon and acetate are
two common regenerated fibers.
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Synthetic fibers are made entirely from chemicals. Synthetic fibers are usually
stronger than either natural or regenerated fibers. But synthetic fibers are not a mere
alternative to natural fibers, but are new materials of high functionality and high
performance which play a vital role in the field of high technology. These synthetic
materials can now be designed and produced according to the nature of utilization [32].
Synthetic fibers are manufactured from organic polymers and inorganic materials. These
fibers are being used in filtration, protective clothing, and biomedical applications
including wound dressings and drug delivery systems [33].
The process of making fibers from polymers generally involves spinning, wherein
the polymer is extruded through a spinneret to form fibers under suitable shear rates and
temperatures [34]. This conventional fiber formation process is generally followed by
drawing that involves the plastic stretching of the as-spun material to increase its strength
and modulus. Depending on whether the polymer is in the molten state or in solution, the
process is likewise termed as melt-spinning or solution spinning, respectively [35].
Typical average diameters obtained by these conventional spinning methods are about 10
gm and higher [36].
Unlike conventional fiber spinning techniques, which are capable of producing
fibers with diameters down to micrometer range, a novel technique called electrostatic
spinning or electrospinning is capable of producing fibers in the nanometer diameter size
range [37]. Due to the high surface area of scaffolds, these unique fibers have been used
in various biomedical applications [38].
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3.3 Electrospinning
This section discuss about the historical background, theory of electro spinning and
applications of electrospun fibers.
3.3.1 Introduction to Electrospinning
The electrospinning process can be considered a variation of the better-known
electrospray process [39]. Various studies have shown that it is possible to use
electrostatic fields to fonn and accelerate liquid jets from the tip of a capillary [40-42].
The surface of a hemispherical liquid drop suspended in equilibrium at the end of a
capillary will be distorted into a conical shape in the presence of an electric field.
A balancing of the repulsive force resulting from the induced charge distribution
on the surface of the drop with the surface tension of the liquid causes this distortion.
Once a critical voltage is exceeded a stable jet of liquid is ejected from the cone tip. The
jet breaks up into droplets as a result of surface tension in the case of low viscosity
liquids. For high viscosity liquids the jet does not break up, but travels as a jet to the
grounded target (Figure 3.1).
Melal Electrode

High Voltage
Power Supply

Charged Fibers

Charged Drops

Grounded Collection Plate

Figure 3.1 Schematic diagram of electro spinning and electrospraying process.
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The first case is called electrospraying and is used in many industries to obtain
aerosols composed of sub-micron drops with narrow distributions. When applied to
polymer solutions and melts, the second case is known as electrospinning and it generates
polymer fibers that are sub-micron in diameter.
Thus the fundamental principle behind the fiber formation by electrospinning can
be stated as follows: when the electrical force at the surface of a polymer solution or
polymer melt overcomes the surface tension, a charged jet is ejected [43]. The jet extends
in a straight line for a certain distance, and then bends and follows a looping and spiraling
path. The electrical forces elongate the jet thousands or even millions of times and the jet
becomes very thin. Ultimately the solvent evaporates, or the melt solidifies. The
resulting, very long, nanofiber collects on an electrically grounded target, often in the
form of non-woven fabric.
3.3.2 Historical Background of Electrospinning
Different processing techniques like drawing, template synthesis, phase separation, selfassembly, and electrospinning have been utilized to prepare various polymer nanofibers
in recent years. But electrospinning is the only method, which can be further developed
and modified for mass production of continuous nanofibers from various polymers.
For many years numerous studies focused on the behavior of electrically driven
jets and also on the stability of electrically charged liquid drops. In 1600 Gilbert observed
the behavior of electro conductive fluid under the electrical field [44]. The first
electrospray phenomenon was reported by Bose in 1745 [45]. He created an aerosol spray
by applying a high potential to a liquid at the end of a glass capillary tube. In 1882, Lord
Raleigh, studied about the instabilities that occur in electrically charged liquid droplets
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[46]. He showed that when the electrostatic force overcame the surface tension of the
liquid drop, a liquid jet was created.
In 1914, Zeleny first studied the phenomena of interaction of an electric field
with a fluid drop [40]. He considered the role of surface instabilities in electrical
discharges from liquid drops. His studies showed that the theoretical relations for
instability were satisfied when the jet discharge began. In 1934 Formhals used the
apparatus for electrospinning designed by Zeleny for the spinning of thin polymer
filaments [47].
In 1952, Vonnegut and Neubaur produced uniform streams of droplets with
diameters around 0.1mm [48]. They applied an electric potential of 5 to 10 kilovolts to
liquids flowing from capillary tubes. The diameter of the droplets varied according to the
applied electric potential. In 1962, Wachtel and coworkers used electrostatic method to
produce emulsion particles [49]. The diameter of emulsion particles were ranging from
0.5 to 1.6 microns.
In 1964, Taylor investigated the disintegration of water droplets by an electric
field in a conical geometry [50]. He formulated a theory that, for a given type of fluid, a
critical value of the applied voltage exists, at which the drop of the fluid flowing from the
capillary tube is transformed into a cone (Taylor Cone) under the influence of the electric
field. Taylor cones are considered to be vital to electrospinning as they define the onset
of extensional velocity gradients in the process of forming fibers.
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3.3.3 Review of Early Attempts in Electrospinning
Electrospinning solutions of macromolecules can be traced back to 1934, when Formhals
invented a process for making polymer (cellulose acetate) fibers by using electrostatic
force [47]. The apparatus comprises a solution container from which the spinning liquid
is caused to disperse in an electric field (Figure 3.2). The two electrodes which produce
this electric field, being two insulated bodies rotating in same or in opposite directions.
The two insulated bodies were charged with high tension static electricity of opposite
polarity, are caused to rotate, extremely fine threads are produced. These threads may be
removed, spun and further processed for textile purposes.
The electrospinning apparatus was further improved by Gladding [51] and Simons
[52] and used to produce more stable fibers. Both of them used movable devices such as
continuous belt for collecting the fibers.

Figure 3.2 Schematic of Formhals electrospinning setup to produce artificial threads.
Bornat [53-54] patented an electrospinning apparatus that produced a removable
sheath on a rotating mandrel. The basic principle remains the same, as the syringe was
containing the polymer solution kept at a certain distance from the mandrel. The syringe
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was kept at the ground potential and an electric potential of about 50kv was applied to the
mandrel. The electrostatic forces caused the formation of jets and got attracted towards
the mandrel. This helped in the formation of tubular products which could be used for
synthetic blood vessels and urinary ducts.
Baumgarten did a detailed study in 1971, to produce electrospun acrylic fibers
from dimethylformamide solution with a diameter of less than 1 micron [55]. He used a
stainless steel capillary tube to suspend the drop of polymer solution and the electrospun
fibers were collected on a grounded metal screen. He also observed the relationships
between jet length, solution viscosity, diameter of the fiber and flow rate of the solution.
Simm et al. [56] were able to fabricate a composite filter based on electrospun
fibers. They invented a process for the production of fiber filters in which a solution of
polystyrene in methylene chloride was electrospun from an annular electrode onto two
equidistant collector electrodes in the form of movable belts.
Later on, Manley and Larrondo [57-59] reported that continuous fibers of
polyethylene and polypropylene could be electrospun from the melt, without any
mechanical forces. They studied the effects of some parameters and also conducted some
characterization studies on the electrospun fibers. The electrospun fibers were
characterized by X-ray diffraction and mechanical testing.
In the mid of 1990's Reneker and coworkers studied the effect of several process
parameters on the fiber formation of Polyethylene fibers [35]. They discussed the
electrospinning process, the processing conditions, fiber morphology and some possible
uses of electrospun fibers. They also made carbon nanofibers, from polymers or pitch.
The resulting carbon nanofibers had diameters of from 50 to 500nm. The morphology
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ranged from highly oriented, crystalline, nanofibers to very porous ones with high values
of surface area per unit mass.
In recent times, Scardino and coworkers [60] patented a process to make
hybrid/composite yarn. They were able to produce electrospun fibers with a diameter
ranging from 4A to 1 nanometer. The process makes use of an air stream in a properly
confined cavity. The vortex of air provides a gentle means to convert a mixture of the
fibril fed into an integral assembly of fibers with proper level of orientation.
Following that, Zarkoob [61] patented a process to produce silk nanofiber
composite network by forming a solution of silk fiber and hexafluroisopropanol and
forming a non-woven network of nanofibers having a diameter in the range from about 2
to about 2000 nanometers.
3.3.4 Theory of Electrospinning
3.3.4.1 Schematic of Electrospinning Process. A typical experimental setup of the
electrospinning process is shown in the Figure 3.3. The polymer solution is placed in a
syringe held by its surface tension fitted with a capillary needle. The syringe is mounted
on the syringe pump. High voltage power supply is used to provide the necessary driving
force. When the voltage is applied to the capillary needle, an electrical charge is imparted
into the surface of the polymer solution. Mutual charge repulsion causes a force directly
opposite to the surface tension [37].
As the intensity of the electric field is increased, the hemispherical surface of the
fluid at the tip of the capillary tube elongates to form a conical shape known as the Taylor
cone [50, 62]. With increasing field, a critical value is attained when the repulsive
electrostatic force overcomes the surface tension of the polymer solution and a charged
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jet of fluid is ejected from the tip of the Taylor cone. The discharged polymer solution jet
undergoes a whipping process [63) wherein the solvent evaporates, leaving behind a
charged polymer fiber, which lays itself randomly on a grounded collecting metal screen.

Grounded
collector
Polymer solution

'\

Syringe
Needle

Syringe pump

High voltage power supply
Figure 3.3 Schematic of electro spinning setup.

3.3.4.2 Main Phases in Electrospinning Process. The electrospinning process has to
pass through three main phases before depositing fibers on the grounded target. The three
main phases of electrospinning process are [II): (1) jet initiation and extension of the jet;
(2) growth of bending instability and extension of jet; (3) solidification of jet into
nanofibers.
Jet Initiation and Extension of the Jet.

When the voltage applied between the

spinneret and grounded target is increased, then the motion of ions through the liquid
charged the liquid surface. The electrical forces at the surface overcome the forces
associated with surface tension. Then a liquid jet emerged from a conical protrusion,
which formed on the surface of the suspended droplet. The jet is electrically charged. It
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carries the ions that are attracted to the surface when the voltage is applied. Increasing the
voltage increases both the charge density on the jet and the flow rate of the jet. With the
aid of high speed photography, Fong and Reneker [64] were able to measure the jet
diameters in the range of 20 -100 flm for 3 wt% solution of polyethylene oxide in water.
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Figure 3.4 Photographs of pendant droplet and jet.

The solution flowed through the hole of 300 micron diameter in the bottom of a
metal spoon. They found that when the semi-vertex angle of the droplet was around
22.5°, the electric force was high enough to overcome both surface tension and
viscoelastic forces, as result fluid jet was ejected. After jet ejection, the conical protrusion
relaxed to a rounded shape, reaching a steady shape in a few milliseconds. Occasionally
jet current and the shape of the droplet pulsated while the applied voltage was constant.
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Bending Instability and Jet Elongation.

In a detailed study, the path of the jet was

observed by Reneker and coworkers [65]. After the jet initiation, the path of the jet was
straight for certain distance. Then, an electrically driven bending instability grew at the
bottom of the straight segment. The bending allowed a large elongation to occur in a
small region of space. It was hypothesized that an electrically driven instability triggered
by the perturbations of the lateral position and lateral velocity of the jet caused it to
follow a bending, winding, spiraling and looping path in three dimensions.
With the help of high speed photographs, they demonstrated that the jet in each
loop became longer and thinner as the loop diameter and circumference increased. After
sometime, the thinner segments smoothly developed a new instability similar to, but at a
comparatively smaller scale, than the longer segment. The process of promoting the
bending instability repeated in a self-similar manner, as the polymer jet dried into a
solidified filament. These were collected on grounded target. The bending instability of
the rapidly moving jet was referred to as the 'whippingjet'.
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Figure 3.5 Development of bending instability.
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Solidification of Jet into Nanofibers. Once the bending appears, it generates a
sequence of helical loops as a result of the interaction of repulsion forces between
charges trapped in the jet and stabilizing forces of surface tension, viscoelasticity and
applied electrical field [66]. The diameter of the loops reaches several centimeters while
their average downward velocity remains relatively low. Hence, the elongation forces
acting on the jet during few milliseconds of its flight into the collector result in enormous
thinning of the jet diameter. Thus the diameter of the fiber is affected by the distance
between the capillary-end and the grounded target. Indeed, other electrospinning process
parameters like flow rate, polymer concentration and electric potential also have an
impact over fiber diameter.

3.3.5 Applications of Electrospun Fibers.
Electrospun fibers have several outstanding features like very high surface to volume
ratio, low bulk density, flexibility in surface functionality, and enhanced mechanical
properties [66]. These impressive properties make the electrospun fiber mats as emerging
candidates for electrical and optical applications, filtration membrane, composite
applications, tissue templating, and clinical applications such as protective clothing,
medical prosthesis, and wound dressing.

3.3.5.1 Electrospun Fibers for Electrical and Optical Applications. The very high
surface to volume ratio associated with electrospun conducting polymer fibers makes
them excellent candidates for electrode materials, since the rate of electrochemical
reaction is proportional to the surface area of an electrode and the diffusion rate of the
electrolyte. Nanofibers at the scale of single polymer molecules are also playing a crucial
role in micro-electro-mechanical devices (MEMS). Wang and coworkers [67] fabricated
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optical chemical sensors by electrospinning fluorescent polymer, poly (acrylic acid)-poly
(pyrene methanol) (PAA-PM) and thermally cross-linkable polyurethane latex mixture
solutions. The pyrene derivative, pyrene methanol (PM) acted as a fluorescent indicator
to detect the presence of metal ions. The sensors showed high sensitivities due to the high
surface-to-volume ratio of the nanofibrous membrane structures. At room temperature,
the fibers exhibited photoluminescence under excitation at 325 nm and were suggested to
have applications in one-dimensional optoelectronic nanodevices.
3.3.5.2 Electrospun fibers for Composite Applications. Deitzel and coworkers [68]
found that electrospun fibers with specific engineered surface chemistry find applications
in composites. Fong et al. [69] were able to reformulate exfoliated montmorillonite-nylon
6 (NLS) nanocomposites by electrospinning. Fibers and nanofibers of NLS
nanocomposite were electrospun from solution and, collected as non-woven fabrics, or as
aligned yarns. The possibility of making ceramic nanofibers by chemical routes that use
linear polymers as intermediates provides suggestions for ways to make ceramic
nanofibers.
3.3.5.3 Electrospun fibers in Filtration Media. Nanofibers find use in filters to
remove particles and droplets smaller than 100nm from liquids or gases. They are also
being considered for the absorption of noxious molecules. This is due to the fact that their
high surface area and their surface chemistry can be tailored to be selective to many kinds
of substances. Controlling parameters of electrospinning allows the generation of
nanowebs with different filtration characteristics [70]. Gibson et al [71] demonstrated that
it is possible to tailor pore size; air permeability and aerosol filtration of elastic nonwoven
media by applying very light weight layers of electrospun elastic fibers to the coarser
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webs. They also demonstrated that significant deformation of the elastic webs increases
air flow, and it might be possible to design controlled flow filters or air bags.

3.3.5.4 Electrospun Fibers in Clinical Applications.

Electrospun nanofibers find

various applications in the clinical sectors like tissue engineering, controlled drug release,
wound dressings, medical implants, and dental applications [72] (Figure 3.6)

Figure 3.6 Electrospun fibers in clinical applications.
Polymer nanofibers have used as scaffolds for engineering tissues such as
cartilages [73-75], bones [76], arterial blood vessels [77-79], heart [80], nerves [81, 82].
Advantages of using electrospinning to prepare tissue scaffolds are: (1) it is capable of
producing ultra-thin fibers with diameters ranging from several micrometers down to a
few nanometers, which can mimic the structure of ECM; and (2) it is versatile, since
various monopolymers, blends of polymers, and compositions of polymers with other
materials or additives such as inorganics, growth factors, other cell regulatory
biomolecules can be used to develop functionally active nanofibrous structures. The
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scaffolds thus produced provide a highly porous microstructure with interconnected pores
and extremely large surface area to volume ratio which is conducive to tissue growth.
Drug delivery with polymer nanofibers is based on the principle that dissolution
rate of a drug particulate increases with increased surface area of both the drug and the
corresponding carrier. The nanofibrous membrane containing drugs can be applied
topically for skin and wound healing, or post-processed for other kinds of drug release. In
recent years [83], it was proved that that drugs such as rifampin (a drug for tuberculosis)
and paclitaxel (an anti-cancer drug) introduced into poly-L-lactic acid (PLLA) not only
improved electrospun fiber quality (e.g., reduced diameter, enhanced surface uniformity),
but also led to capsulation of the drugs within the PLLA nanofibers.
Bowlin's and coworkers [84, 85] attempted to generate fibrinogen nanofiber mats
for potential use as a wound dressing or haemostatic bandage. Khil's group [86]
examined the performance of electrospun nanofibrous polyurethane membranes as
dressings with fiber diameters ranging from 250 to 300 nm in vivo using a pig model.
Biomimically adopting nanofibrous structure has good cell conductivity and can improve
blood and other tissue fluid compatibility, which will facilitate wound healing and skin
regeneration.
Buchko's group designed a method to deposit electrospun protein fibers as a thin
porous film onto a prosthetic device implanted into the central nervous system [87]. Zong
et al. [88] examined the effect of using electrospun non-woven bioabsorbable poly
Lactide-Co-glycolide (PLGA) impregnated with antibiotics as an anti-adhesion
membrane.
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Electrospun nanofibers can be used as reinforcement in dental composite
applications. Advantage of using nanofibers as reinforcement is that no adverse effect on
the transparency of the developed composite dental device can result when the fiber
diameter becomes smaller than the wavelength of a visible light [89]. These advantages
pose polymer nanofibers as very promising candidates for the future development of
orthodontic composite devices.

3.3.5.5 Other Functional Applications. Electrospun fibers find large scale
applications in the areas of applying pesticides to the plants [11]. Nanofibers, spun in the
field, and directed onto plants by a combination of electrical forces and air streams, will
attach to plants with full efficiency. The use of nanofibers to carry and attach pesticides
could make use of sophisticated but expensive pesticide cost effective.
Now days it is feasible to electrospin polymer nanofibers in space to create thin
sheets with large areas. Solar sails to transport cargo between Earth and Mars need to be
less than one micron thick, with an area of about five square kilometers. Electrospun
polymer nanofibers could create such a structure, along with shroud lines needed to
attach the cargo.

3.4 Scanning Electron Microscopy (SEM)
The development of the Scanning Electron Microscope in the early 1950's brought with it
new areas of study in the medical and physical sciences because it allows examination of
a great variety of specimens. In any microscope the main objective is for magnification
and focus for clarity. An optical microscope uses lenses to bend the light waves and the
lenses are adjusted for focus. In the SEM, electromagnets are used to bend an electron

27
beam which is used to produce the image on a screen. By using electromagnets an
observer can have more control in obtaining the magnification. The electron beam also
provides greater clarity in the image produced.
The scanning electron microscope is a microscope that uses electrons instead of
light to form an image. SEM has a large depth field, which allows a large amount of
sample to be in focus at one time. It also produces images of high resolution, which
means that closely spaced features can be examined at a high magnification. The
combination of higher magnification, larger depth of focus, greater resolution, and ease
of sample observation makes SEM one of the most heavily used instruments in research
areas today.
A beam of electrons is generated in the electron gun, located at the top of the
column (Figure 3.7). This beam is attracted through the anode, condensed by a condenser
lens, and focused as a very fine point on the sample by the objective lens. The scan coils
are energized (by varying the voltage produced by the scan generator) and create a
magnetic field which deflects the beam back and forth in a controlled pattern. The
varying voltage is also applied to the coils around the neck of the Cathode-ray tube
(CRT) which produces a pattern of light deflected back and forth on the surface of the
CRT.
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Figure 3.7 Schematic representation of typical SEM.

The pattern of deflection of the electron beam is the same as the pattern of
deflection of the spot of light on the CRT. The electron beam hits the sample, producing
secondary electrons from the sample. These electrons are collected by a secondary
detector or a backscatter detector, converted to a voltage, and amplified. The amplified
voltage is applied to the grid of the CRT and causes the intensity of the spot of li ght to
change. The image consists of thousands of spots of varying intensity on the face of a
CRT that correspond to the topography of the sample.

CHAPTER 4
BACKGROUND OF ALIGNED ELECTROSPUN FIBERS

4.1 Synopsis
This chapter gives brief introduction to aligned fibers and its advantages in various
applications like tissue engineering etc. It also discusses about the complications in
obtaining oriented fibers in electrospinning. Then the chapter presents the methods to
obtain aligned fibers in electrospinning. This includes both mechanical and electrostatic
means. In mechanical method it involves rotating drum, rotating disc collector, frame
collectors, metal frames, conductive strips and steel blades. In case of electrostatic
control it includes auxiliary electrode, multiple field technique, and scanning tip
electrospinning source.

4.2 Introduction
The nanofibers which are being obtained from the method of electrospinning are in nonwoven form, which can be useful for relatively small number of applications such as
filtration, catalytic substrates, implant coating film, and wound dressing [90]. However
when considering traditional and fiber industry, only when continuous single nanofibers
or uniaxial fiber bundles are obtained can their applications be expanded into unlimited.
For example, in the fabrication of electronic and photonic devices well-aligned and
highly ordered architectures are often required [91].
Even for application as simple as fiber-based reinforcement, it is also critical to
control the alignment of fibers. In tissue engineering, distribution and arrangement of the

29

30
extracellular matrix plays a critical role in controlling cell shape, regulating physiological
function, and defining organ architecture [72]. Cells have a tendency to grow in the same
direction as the fibers within the scaffold. If the fibers can be collected individually and
aligned to specific orientations, it is possible to increase the maximum volume fraction of
fibers in a matrix, thus increasing the material's strength.
Even so, getting aligned electrospun nanofibers is very tough target to be
achieved. The reason is the polymer jet trajectory is in a very complicated threedimensional whipping way caused by bending instability rather in a straight line [92].
Because of this bending instability, electrospun fibers are often deposited on the surface
of the collector as randomly oriented, non-woven mats.
In recent years, a number of approaches have been demonstrated to directly
collect electrospun nanofibers as uniaxially aligned arrays. However, there is no
continuous long nanofiber yam obtained and the publications related to aligned
nanofibers are very limited.

4.3 Means of Forming Aligned Fibers
Deposition of electrospun fibers on a stationary target is essentially random due to the
chaotic motion of the electrospinning jet as it travels to its target. Collection electrospun
fibers in the form of a yam or tow for post-processing to improve mechanical
performance, or depositing electrospun fibers on a substrate in specific places or patterns
is problematic because of the random nature of the fiber deposition. Some efforts to
improve the control over the electrospinning jet and deposition process include the use of
both mechanical and electrostatic means. These attempts may be classified as below:
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Mechanical Control
•

Rotating Drum

•

Rotating Disc Collector

•

Frame collector

•

Metal Frames

•

Conductive Strips

•

Steel blades

Electrostatic control
•

Auxiliary Electrode/Electrical field

•

Multiple Field Technique

•

Scanning Tip Electrospinning source

4.4 Previous Attempts to Obtain Aligned Nanofibers

4.4.1 By Means of Mechanical Control
This section describes the methods based on mechanical control to obtain aligned fibers.
4.4.1.1 Collector Based on Rotating Drum. It has been suggested that by rotating
a cylinder collector at a very high sped up to thousands of RPM; electrospun fibers could
be oriented circumferentially. Boland et al., [93] have used this technique to obtain
aligned electrospun polyglycolic acid (PGA) fibers. They used stainless steel as a
grounded target and it was revolved at 100 RPM for random fibrous mats and 1000 RPM
for aligned fibrous mats. Matthews et al. [95] also utilized this method to get aligned
fibers from type I collagen. They noticed that by increasing the velocity of the drum to
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4500 RPM, fibers were deposited along the axis of rotation. Perfect alignment is difficult
to achieve in this method due tot the fact that, the chaos motions of polymer jets are not
likely to be consistent and are less controllable. The apparatus used in this study and the
SEM image of the electrospun fibers are given in Figure 4.1.

Figure 4.1 A schematic rotating collector for aligned electrospun fibers.

4.4.1.2 Rotating Disc Collector.

Theron and coworkers [94] developed a method

which shows a significant advancement in collecting aligned electrospun fibers. They
modified the design of the drum and used a tapered, wheel-like disc as the collector. The
disc was rotated by a dc motor at a speed of around 1070 RPM. As a result, as the spun
fiber reached the wheel's edge, it was wound around the wheel. They demonstrated that
with this approach polyethylene oxide (PEO) nanofibers with diameters ranging from 100
to 400 run were in alignment with a pitch of I to 2 /lm. The apparatus used in this study
and SEM image is shown in Figure 4.2.
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Figure 4.2 Aligned PEO fibers by rotating disc method.

4.4.1.3 Frame Collector.

In the process of obtaining individual nanofiber for

experimental characterizations, Huang et aI., [90] developed an approach to fiber
alignment by simply placing a rectangular frame structure under the spinning jet. It was
noticed that different frame materials resulted in different fiber alignments. Aluminum
frames favors better fiber alignments than a wooden frame. Figure 4.3 shows the model
setup and alignment of electrospun polyethylene oxide (PEO) fibers collected with an
aluminum frame.

Polymel lOlution...

Figure 4.3 Schematic setup of frame collectors to obtain aligned fibers,

34

Tan et aJ. [95] developed a method to produce aligned nanofibers by collecting
them on a wooden frame with two parallel strings attached (Figure 4.4). The wooden
frame was placed between the electrodes for a few seconds to collect the fibers. The
collected fibers were secured to a glass cover slip by taping down two parallel strings to
the cover slip.
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Figure4.4 Collection of aligned nanofibers on (a) frame, and (b) glass cover slip.

4.4.1.4 Metal Frame as a Collector.

Dersch et aJ. [96] were able to use particular

electrode configurations to prepare parallel fibers directly in the electrospinning process.
This allowed them to analyze the crystal structure and overall orientation. A parallel
orientation of polylactide (PLA) fibers was achieved with specific counter electrodes
having the shape of the frames. The apparatus used in this study and SEM images of
electrospun fibers is shown in Figure 4.5.
. .." ..-~ = ...

Figure 4.5 Aligned PLA nanofibers collected on a rectangular frame.
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4.4.1.5 Collector Based on Conductive Strips.

Li et al. [97] reported a simple and

versatile method that generated uniaxially aligned polycaprolactone (PCL) nanofibers
over large areas by introducing a gap into the conventional collector. As assisted by
electrostatic interactions, the nanofibers were stretched across the gap to form a parallel
array. The collector could be simply fabricated by putting two stripes of electrical
conductors together as shown in Figure 4.6.
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Figure 4.6 Collector using conductive strips to form aligned fibers.

4.4.1.6 Collector Utilizing Steel Blades.

Ramakrishna et al. [98] described a method

of getting fiber bundle made of aligned nanofibers between two known points. Two steel
blades placed in line with a gap between them were used as counter-electrodes. The fiber
bundle was collected at the gap with one end at the tip of one steel blade and the other
end at the other tip. They used polycaprolactone (PCL) to demonstrate the ability to
deposit fibers between two known points during electrospinning. The schematic of the
apparatus and SEM image ofPCL fibers is shown in Figure 4.7.
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Figure 4.7 Collector using Steel blades to form aligned fibers in the gap.

4.4.2 By Means of Electrostatic Control
This section describes the methods based on electrostatic control to obtain aligned fibers.
4.4.2.1 Auxiliary Electrode/Electrical Field.

US patent filed by Bomat [99]

disclosed the method of depositing fibers circumferentially oriented substantially by
employing an auxiliary electric field. In this method the auxiliary electrode is shaped and
positioned so that it generates a field which encourages separation of the electrostatically
spun fibers from one another as shown in Figure 4.8. This facilitates the proportion of the
fibers deposited in substantially circumferential disposition is increased.
Charged Collector

Auxiliary Electrode

Figure 4.8 Auxiliary electrode to form aligned fibers.
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Another patent filed by Berry (100), showed that by asymmetrically placing
rotating and charged mandrel between two charged plates, electrospun ultra fine fibers
with large diameter could be oriented circumferentially to the longitudinal axis of the
tubular structure. However, small diameter fibers remain randomly oriented.

Charged Plate

Capillary::::Fi'!.B~
Needle

Figure 4.9 Mandrel to form large diameter oriented fibers.

Based on the idea of Bornat, a preliminary trial was carried out by Huang et aI.,
(90) using PLA-PCL copolymer. They used a Teflon tube as fiber collection device as
shown in Figure 4.9. The auxiliary electrode was made up of aluminum foil strips. They
demonstrated how the alignment of fibers [Fig 4.9) improved by auxiliary electric field.

Aluminum gOO

Figure 4.1 0 Aligning electrospun fibers with an auxiliary electrical field.
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Teo et al. [101] proposed a method of getting aligned PCL electrospun nanofibers
with a tubular structure in a circumferential direction. They used knife-edged counter
electrode to control the electrostatic field which in turn exert some control on the
direction of alignment of the electrospun nanofibers. In one setup they used counter
electrode consisting of a parallel grid made of aluminum strips laid below Teflon tube
and in another method using a parallel grid consists of knife-edged aluminum bars. Both
the setup and the SEM images of PCL fibers are shown in Figure 4.11 and Figure 4.12.
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Figure 4.11 Setup using Aluminum strips and knife edged aluminum bars.

AJuminum Strips

Knife Edged Aluminum Bars

Figure 4.12 SEM images ofPCL fibers using Aluminum strips and Aluminum bars.

..
39
4.4.2.2 Multiple Field Technique. Deitzel et al. [102] demonstrated by using multiple
field technique, the polymer jet, which is usually in chaotic oscillating motion during
traveling towards the collection target, can be straightened to some extent. In this way
one may control the deposition of electrospun polymer nanofibers and even collects
aligned fiber yams. Based on the multiple field technique, macroscopically oriented PEO
fibers were collected. Although fiber alignment was not the focus in this paper, the
technique proposed wherein suggests a promising strategy through controlling electrical
fields to achieve fiber alignment. The average diameter of the fibers obtained in this
technique is 270nm. The apparatus used to dampen the chaotic motion ofthe jet and SEM
images ofPEO fibers is shown in Figure 4.13.
Power
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Figure 4.13 Multiple field technique to form aligned PEO fibers.

4.4.2.3 Scanning Tip Electrospinning Source.

Kameoka et al. [103] developed a

new technique for oriented polyethylene oxide (PEO) nanofibers using a micro fabricated
silicon tip as a scanning source. This approach allows nanofiber integration with
micro fabricated structures. For the aligned fiber deposition, the counter electrode was
attached to an optical chopper motor that provided a simple means to control the motion
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of the tip relative to the substrate by adjusting the velocity of the motor. The motion of
the tip relative to the substrate was used to control the nanofiber orientation. The
advantage of the scanned tip is the easy control of the orientation of nanofibers and the
integration with micro fabricated structures due to the short deposition distance. The
schematic diagram of the nanofiber fabrication process and the SEM image of the
oriented PEO fibers are shown in the Figure 4.14 .

.POlYrn"r:i~
:wo lution

f

Glass p lat.

TIp

[):.=

O ut

Rotation
,Jirt;.<: li o n

H·,ly,n erjd

counter
electrode

20J..U11

Figure 4.14 Aligned nanofiber fabrication process using Scanning tip source.

4.5 Concluding Remarks
The techniques that have been discussed so far to get the aligned fibers are only on
experimental basis and nothing has been commercialized. Each method has its own
limitations. Degree of orientation for nanofibers collected by rotating drum method is far
from perfect. Aligned fibers are obtained by using rotating disc, but the design of this
apparatus is complex. More over, in both the methods of rotating disc and conductive
strips the pitch between the fibers is not consistent. In addition to drums, metal or
wooden frames have been explored by Dersch, Huang, and their co-workers to collect
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electrospun nanofibers as more or less aligned arrays [92]. Though these methods were
successful to some extent, it is still not clear what mechanisms are responsible for the
observed alignment effects.
Achieving consistent patterns requires control over the point where the fibers will
be deposited. Methods like scanning tip electrospinning source and multiple field
technique had been proposed to control the deposition of the fibers. However, in these
methods the location where the electrospun fiber is deposited may spread around 1 cm
radius. To overcome these limitations, the method using steel blades, allowed the fibers
to deposit between two known points. The fiber bundle can also be transferred onto a
substrate to form various patterns. Of all the methods which have been discussed here,
this is a simple and versatile method to get the aligned fibers.

CHAPTER 5
RESEARCH METHODOLOGY

5.1 Synopsis
At the outset, this chapter gives a brief introduction about the description of the project.
And then it discusses the materials which are utilized in this thesis research to produce
the nanofibrous scaffold. It explains the methods that are used in this research to produce
aligned nanofibers. This includes the apparatus design, arrangement of the electrodes and
also the typical electrospinning conditions that are used to get the aligned nanofibers. It
also discusses the method of isolating a single electrospun filament. Finally, a brief
description of the characterization procedure using Scanning Electron Microscopy (SEM)
is given.

5.2 Project Description
In tissue engineering, distribution and arrangement of the extracellular matrix plays a
critical role in controlling cell shape, regulating physiological function, and defining
organ architecture [72]. The method of fabricating a scaffold is very vital, in terms of
producing properties similar to the Extra Cellular Matrix (ECM) suitable for cell growth.
This is important in achieving a surface topography, which mimics the extracellular
matrix and also suitable for the desired tissue. Electrospinning is a novel technique of
processing polymers to produce the scaffolds composed of nanoscale fibers.
Because of the chaotic motion of the highly charged jet, the electrospun fibers are
often collected as randomly oriented structures, typically as a non-woven mat. A
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particular macro-feature in cell organization found often in vivo is the directional growth
or anisotropy [104]. This can be effectively addressed using electrospun oriented fibers.
Therefore, I hypothesize that by designing the electrospinning apparatus in an appropriate
way, to guide the electrospinning jet, it will be possible to collect the electrospun
nanofibers as uniaxially aligned arrays.
The mechanical properties of nanofibrous scaffold can affect cell morphology,
proliferation, and differentiation [105] In order to evaluate the mechanical behavior of
scaffolds under various loading conditions, it is necessary to obtain the mechanical
properties of individual fibers that make up the scaffold [106]. So, in order to use the
fabricated nanofibers for mechanical tests, an appropriate method is required for isolating
and handling single nanofiber filament.
In order to meet the above requirements, the goals of this research are threefold.
First, it will be demonstrated that cellulose acetate can be electrospun to form aligned
nanofibrous scaffold using an in-line arrangement method to obtain an oriented nanofiber
yarn. Second, the same polymer will be used to form aligned nanofiber mat using parallel
metal electrodes. Third, to facilitate the isolation of single nanofiber for mechanical tests,
a method to separate as single electrospun fiber will be developed by incorporating some
modifications in parallel arrangement method.
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5.3 Materials
Cellulose Acetate with a minimum average molecular weight of 28,000 was purchased
from Celanese Acetate. Acetone obtained from Fischer Chemicals was used with out
further purification. Distilled water was used as a co-solvent to retard the evaporation of
acetone.

5.4 Experimental Methods
This section deals with the solution preparation, methods to fabricate aligned yarn, mats
isolation of single nanofiber from electrospinning and characterization of scaffolds.

5.4.1 Solution Preparation
The solution was prepared by dissolving Cellulose Acetate in a mixed solvent of acetone
and water. The concentration of cellulose acetate used was 10 wt%, 12 wt%, and 15 wt%
and the water content used was 10 wt%, 12 wt% and 15 wt%. A homogenous solution
was obtained by slow agitation using magnetic stirrer on a heated stirrer. The slow
agitation is employed to avoid the mechanical degradation of polymer chains. All the
solutions were prepared at room temperature.
Desired amount of acetone and water was placed in glassware and then cellulose
acetate was added to it. To maintain the solution concentration the glassware was closed
with an airtight lid. Table 5.1 provides the actual amount of each component in the
spinning solution.
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Table 5.1 Composition of CA/acetone/water solution mixtures based on 50 grams
solution.

Sample

CA

Water content

Weight of

Weight of

Weight of

ID

concentration In

in CA/acetone

CA

Acetone

Water

acetone (wt %)

(wt %)

(grams)

(grams)

(grams)

10A

10

10

4.50

40.50

5.0

10B

10

12

4.40

39.60

6.0

10C

10

15

4.25

38.25

7.5

12A

12

10

5.40

39.6

5.0

12B

12

12

5.28

38.72

6.0

12C

12

15

5.10

37.40

7.5

15A

12

10

6.75

38.25

5.0

15B

12

12

6.60

37.40

6.0

15C

12

15

6.38

36.12

7.5

5.4.2 In-line Arrangement Method
In order to collect the aligned fibers, two aluminum blades were placed in a line with a
gap between them as shown in Figure 5.1. These blades were used as counter-electrodes
to guide the electrospinning jet and collect the fibers in the gap. Electrical tape was used
to shield unnecessary charges on the blades, so that the area of deposition point of the
fiber was further reduced [98].
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Figure 5.1 Schematic diagram of In-line arrangement setup to collect aligned fibers.

The line arrangement setup has a 10 ml plastic syringe in order to hold the
polymer solution. The syringe with the polymer solution is fitted with a needle and
mounted on a metering pump, which is used to vary the flow rate. A gamma high voltage
research HV power supply was used to provide the required potential. The aluminum
blades were grounded separately.
The electrospinning process can be affected by varying the flow rate, electric
potential, polymer concentration, distance between the needle and the grounded target,
needle size, and even the ambient conditions like temperature and humidity. In this work,
two parameters were taken into consideration, i.e., flow rate and the electric potential.
The flow rates of the solution used were 0.103 ml/min and 0.051 ml/min. Positive voltage
applied to the polymer solution was 12 KV and 15 KV. The distance between the needle
and the grounded target is 11cm. The gap between the aluminum blades was maintained
at 2cm.

47
5.4.3 Parallel Arrangement Method
In this method, a different setup had been used to collect the aligned fibers effectively.
This consists of a two flat metal strips with a gap between them. This collector employs
two narrow pieces of aluminum in a parallel array [fig 5.2].
The parallel arrangement setup has a 10 ml plastic syringe in order to hold the
polymer solution. The syringe with the polymer solution is fitted with a needle and
mounted on a metering pump, which is used to vary the flow rate. A gamma high voltage
research HV power supply was used to provide the required potential. The narrow
aluminum blades were grounded separately. The electrospinning parameters used in this
method remain the same as line arrangement method. The gap between the two narrow
aluminum electrodes was maintained at 1.2cm. This gap was used to allow an SEM stub
to be passed between two electrodes to facilitate the collection of aligned fibers for SEM
analysis.

Figure 5.2 Schematic diagram of parallel arrangement setup.
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5.4.4 Isolation of a Single Nanofiber
As mentioned in the project description (5.1), in order to assess the mechanical properties
of electrospun fibers, it would be necessary to obtain a single filament in a manner that it
allows it to be isolated and handled. A method has been developed to isolate individual
electrospun fibers. The parallel arrangement method had been used with some
modifications. An open rectangular cardboard frame with parallel strips was placed in the
gap between the two aluminum electrodes [Fig 5.3]. A double sided tape was attached to
both ends of the card board frame to facilitate the attachment of fibers. The distance
between the parallel strips was set to accommodate the height of the frame.
The fibers were electrospun with a typical flow rate of 0.103 ml/min and a
potential difference of 12 KV was applied. Electrospun process was carried out only for a
few seconds to get a few strands of fibers across the cardboard frame. Individual fibers
were sited and isolated in the spaces formed by the parallel strips. By cutting away the
frame surrounding the isolated filament, the single fiber could be handled.

Figure 5.3 Card board arrangement between the blades to isolate a single filament.
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Figure 5.4 Open rectangular frame with parallel strips to isolate a single filament.

5.4.5 Characterizing Electrospun Scaffolds
Scaffolds produced by electrospinning method consist of fibers having diameters ranging
from micrometers to hundreds of nanometers. In this study the morphology of the
scaffolds made of aligned fibers was studied using Scanning Electron Microscopy
(SEM). Understanding the morphology of fibers is essential to produce the aligned
nanofiber yams.
Optical microscopes are limited to the resolution of 3000 Angstroms. Scanning
Electron Microscopes have resolutions around 25 Angstroms. The scanning electron
microscope uses electrons instead of light to form an image. SEM has a large depth field,
which allows a large amount of sample to be in focus at one time. It also produces images
of high resolution, which means that closely spaced features can be examined at a high
magnification. The combination of higher magnification, larger depth of focus, greater
resolution, and ease of sample observation makes SEM as the primary choice to study the
morphology of electrospun fibers.
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Analysis of electrospun fibers were done using LEO 1530 Field Emission SEM.
Samples were collected directly from the electrospinning apparatus using a metal stub.
This was carried out by pasting a double sided carbon tape on the stub, so that the aligned
fibers attached to the carbon tape with out affecting the fiber orientation. Carbon tapes
were used to avoid the charging of the sample. Since these samples were not conductive,
they were carbon coated using Joel Fine coater.
To capture the images of the fibers, appropriate spot size and accelerating voltage
must be chosen. SEM images were obtained at an accelerating voltage of 5 KV. The
diameters of these fibers were measured from their high magnification SEM images. In
order to compare the images, they were taken at same magnification. Stigmation, aperture
alignment, and focus were attuned to facilitate the image clarity and these images were
scanned and stored as Tagged Image File Format (TIFF).

CHAPTER 6
RESULTS

6.1 Synopsis
In this chapter results for each objective are given. For example, aligned nanofibers
obtained using in-line arrangement method is given in the first set of results. Second
group of results shows the alignment of fibers obtained using parallel arrangement
technique. The single nanofiber obtained using a modified parallel arrangement method is
shown in third set of results.

6.2 In -line Arrangement Method
As mentioned for solution preparation (5.3.1), the concentration of cellulose acetate used
was 10 wt%, 12 wt%, and 15 wt%. The water content in CA/acetone solution was varied
at 10 wt%, 12wt%, and at 15 wt%. Flow rate and voltage was varied, while the distance
between the needle and the grounded collector remains the same for all polymer
concentrations. The fibers were collected in the gap formed between the two blades. The
digital image of the fiber formation in the gap is given in Figure 6.2The results and the
morphology of fibers obtained using SEM are given below:
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Figure 6.1 Electrospun fibers deposited
arrangement method.

In

the gap between two blades

In

In-line

6.2.1 10 wt% of Cellulose Acetate Solution
Initially, the concentration of Cellulose Acetate used was 10 wt% and the water content
in Cellulose Acetate/Acetone solution varied at 10 wt%, 12 wt%, and 15 wt%. For 10
wt% of cellulose acetate concentration and at all water levels, scaffolds were prepared

and analyzed in SEM. Fibers containing beads were obtained at all water levels, even
though the voltage and flow rate was varied. The mean diameter of the fibers obtained for
this concentration varied from 340 nm to 1. 1 11m. SEM images for each water level is
given in Figure 6.2 - Figure 6.5. Because of bead formation , no further analysis was
performed on these materials.

•
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Figure 6.2 Sample overall orientation for 10 wt% CA solution.

Figure 6.3 SEM images of aligned fibers with beads from CAlacetone/water solutions
(10 wt% of CA) at water content of 10 wt%.
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Figure 6.4 SEM images of aligned fibers with beads from CAiacetone/water solutions
(10 wt% ofCA) at water content of 12 wt%.

Figure 6.5 SEM images of aligned fibers with beads from CAiacetone/water solutions
(10 wt% of CA) at water content of 15 wt%.
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6.2.2 12 wt% of Cellulose Acetate Solution
A solution with 12 wt% of cellulose acetate was used, with water content in CA/acetone
solution varied at 10 wt%, 12 wt% and 15 wt%. Flow rate used to from aligned fibers
was 0.103 ml/min and 0.051 ml/min and the voltage was varied at 12 KV and at 15 KV.
Fibers at this polymer concentration were smooth without any beads and the diameter of
the fibers increases with the increasing flow rate. Diameter also increases with the
increase in electric potential.
Table 6.1 gives the mean diameter of the fibers obtained from 12 wt% of
CA/acetone solutions with water content of 10 wt%. The fiber morphology obtained
using SEM is given in Figure 6.6 - Figure 6.10. SEM images show a clear alignment of
fibers. The fibers are more or less uniform and parallel to each other.

Table 6.1 Mean diameter of the fibers of 12 wt% of CA in acetone with water content of
10 wt% in CA/acetone solution.
Electrospinning conditions

Mean Diameter

0.103 ml/min, 12kv, 11 cm

431.6nm

0.103 ml/min, 15kv, 11cm

831.9nm

0.051 ml/min, 12kv, 11cm

394.3nm

0.051 ml/min, 15kv, 11cm

605.7nm
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Figure 6.6 Sample overall orientation for 12 wt% CNacetone solution with a water
content of 10 wt%.

Figure 6.7 SEM images of aligned fibers from CNacetone/water solutions (12 wt% of
CA) at water content of 10 wt%: at a voltage of 12 KV with a flow rate of 0.103 mllmin.
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Figure 6.8 SEM images of aligned fibers from CAiacetone/water solutions (12 wt% of
CA) at water content of 10 wt%: at a voltage of 15 KV with a flow rate of 0.1 03 mllmin.

Figure 6.9 SEM images of aligned fibers from CAiacetone/water solutions (I2 wt% of
CA) at water content of 10 wt%: at a voltage of 12 KV with a flow rate of 0.051 ml/min.
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Figure6.10 SEM images of aligned fibers from CNacetone/water solutions (12 wt% of
CA) at water content of 10 wt%: at a voltage of 15 KV with a flow rate of 0.051 ml/min.

The mean diameter of the fibers obtained from CNacetone/water solutions (12
wt% of CA) at water concentration of 12 wt% is given in Table 6.2. The morphology of

the fibers obtained using SEM is given in Figure 6.11 - Figure 6.15.
Table 6.2 Mean diameter of the fibers of 12 wt% ofCA in acetone with 12 wt% of water
in CNacetone solution.

Electrospinning conditions

Mean Diameter

0.103 mllmin, 12kv, II cm

560.6nm

0.103 mllmin, 15kv, Ilcm

622.0nm

0.051 mllmin, 12kv, llcm

552.4nm

0.051 mllmin, 15kv, llcm

640.4nm
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Figure 6.11 Sample overall orientation for 12 wt% CAiacetone solution with a water
content of 12 wt%.

Figure 6.12 SEM images of aligned fibers from CAiacetone/water solutions (12 wt% of
CA) at water content of 12 wt%: at a voltage of 12 KV with a flow rate of 0.103 mlImin.
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Figure 6.13 SEM images of aligned fibers from CAiacetone/water solutions (I2 wt% of
CA) at water content of 12 wt%: at a voltage of 15 KV with a flow rate of 0.103 mVmin.

Figure 6.14 SEM images of aligned fibers from CAiacetone/water solutions (I2 wt% of
CA) at water content of 12 wt%: at a voltage of 12 KV with a flow rate of 0.051 ml/min.
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Figure 6.15 SEM images of aligned fibers from CAlacetone/water solutions (12 wt% of
CA) at water content of 12 wt%: at a voltage of IS KV with a flow rate of 0.051 ml/min.

The mean diameter of the fibers obtained from CAlacetone/water solutions (12
wt% ofCA) at water concentration of IS wt% is given in Table 6.3. The morphology of

the fibers obtained using SEM is shown in Figure 6.16 - Figure 6.20.
Table 6.3 Mean diameter of the fibers of 12 wt% ofCA in acetone with IS wt% of water
in CAlacetone solution.
Electrospinning conditions

Mean Diameter

0.103 mJ/min, 12kv, Ilcm

556.6nm

0.103 mllmin, 15kv, Ilcm

574.9nm

0.051 ml/min, 12kv, Ilcm

494.lnm

0.051 mllmin, 15kv, Ilcm

538.0nm

62

Figure 6.16 Sample overall orientation for 12 wt% CAiacetone solution with a water
content of 15 wt%.

Figure 6.17 SEM images of aligned fibers from CAiacetone/water solutions (12 wt% of
CA) at water content of 15 wt%: at a voltage of 12 KV with a flow rate of 0.103 mlImin.
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Figure6.18 SEM images of aligned fibers from CAiacetone/water solutions (12 wt% of
CA) at water content of 15 wt%: at a voltage of 15 KV with a flow rate of 0.1 03 mllmin.

Figure 6.19 SEM images of aligned fibers from CAiacetone/water solutions (12 wt% of
CA) at water content of 15 wt%: at a voltage of 12 KV with a flow rate of 0.051 mllmin.
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Figure 6.20 SEM images of aligned fibers from CNacetone/water solutions (12 wt% of
CA) at water content of IS wt%: at a voltage of IS KV with a flow rate of 0.051 ml/min.

6.2.3 15 wt% of Cellulose Acetate Solution
A solution with 12 wt% of cellulose acetate was used, with water content in CNacetone
solution varied at 10 wt%, 12 wt% and IS wt%. Flow rate used to from aligned fibers
was 0.103 ml/min and 0.051 mlImin and the voltage was varied at 12 KV and at 15 KV.
The mean diameter of the fibers obtained from CNacetone/water solutions (15 wt% of
CA) at water concentration of 10 wt% is given in Table 6.4. The morphology of the fibers
obtained using SEM is shown in Figure 6.21 - Figure 6.25.
Table 6.4 Mean diameter of the fibers of 15 wt% of CA in acetone with 10 wt% of water
in CNaeetone solution.
Electrospinning

Mean Diameter

conditions
0.103 ml/min, 12kv, Ilem

763.7nm

0.103 ml/min, 15kv, llem

769.7nm

0.051 mlImin, 12kv, llem

749.9nm

0.051 ml/min, 15kv, llem

IOOO.2nm
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Figure 6.21 Sample overall orientation for 15 wt% CAiacetone solution with a water
content of 10 wt%.

Figure 6.22 SEM images of aligned fibers from CAiacetone/water solutions (15 wt% of
CA) at water content of 10 wt%: at a voltage of 12 KV with a flow rate of 0.103 mVmin.
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Figure 6.23 SEM images of aligned fibers from CAiacetone/water solutions (15 wt% of
CA) at water content of 10 wt%: at a voltage of 15 KV with a flow rate of 0.1 03 mllmin.

Figure 6.24 SEM images of aligned fibers from CAiacetone/water solutions (15 wt% of
CA) at water content of 10 wt%: at a voltage of 12 KV with a flow rate of 0.051 ml/min.
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Figure 6.25 SEM images of aligned fibers from CNacetone/water solutions (15 wt% of
CA) at water content of 10 wt%: at a voltage of 15 KV with a flow rate of 0.051 ml/min.

6.3 Parallel Arrangement Method
It's been already shown in line arrangement method that, 10 wt% of CA in acetone with
water content of 10 wt% to 15 wt% in CNacetone solution, produced lot of beads in the
fibers. Accordingly this is not a suitable concentration to form aligned nanofibers for cell
growth. So in this technique only 12 wt% and 15 wt% of CA concentration in acetone is
taken into consideration. In this method, electrospinning parameters such as voltage, flow
rate and the distance between the needle and collector remain the same as used in line
arrangement method. The digital image of the fiber formation in the gap between two
aluminum blades is given in Figure.
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Figure 6.26 Oriented electrospun fibers deposited between two electrodes in Parallel
arrangement method.

6.3.1 12 wt% of Cellulose Acetate Solution
At the outset, 12 wt% of CA .in acetone solution was used with water content in
CAJacetone solution varied at 10 wt%, 12 wt%, and 15 wt%. The configuration of the
electrospinning apparatus was similar to that used in the in-line arrangement method.
Flow rate was varied at 0.103 mllmin and 0.051 mllmin and the voltage ranged at 12 KV
and 15 KV. As expected there was a smooth formation of fibers with no beads. The
diameter of the fibers increases with increase in the flow rate and an increase in the
electric potential.
Table 6.5 gIVes the mean diameter of the fibers obtained from 12 wt% of
CNacetone solutions with water content of 10 wt"1o. The fiber morphology obtained
using SEM is given in Figure 6.27 - Figure 6.3 I. SEM images show a clear alignment of
fibers.

69
Table 6.5 Mean diameter of the fibers of 12 wt% ofCA in acetone with 10 wt% of water
in CAiacetone solution.
Electrospinning conditions

Mean Diameter

0.103 ml/min, 12kv, Ilcm

60S.Snm

0.103 ml/min, ISkv, Ilcm

721.1nm

O.OSI ml/min, 12kv, llcm

43S.3nm

O.OSI mlImin, ISkv, Ilcm

lOS4.Snm

Figure 6.27 Sample overall orientation for 12 wt% CAiacetone solution with a water
content of 10 wt%.
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Figure 6.28 SEM images of aligned fibers from CAiacetone/water solutions (12 wt% of
CA) at water content of 10 wt%: at a voltage of 12 KV with a flow rate of 0.103 ml/min.

Figure 6.29 SEM images of aligned fibers from CAiacetone/water solutions (12 wt% of
CA) at water content of 10 wt%: at a voltage of 15 KV with a flow rate of 0.1 03 mllmin.
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Figure 6.30 SEM images of aligned fibers from CAiacetone/water solutions (12 wt% of
CA) at water content of 10 wt%: at a voltage of 12 KV with a flow rate of 0.051 mllmin.

Figure 6.31 SEM images of aligned fibers from CAiacetone/water solutions (12 wt% of
CA) at water content of 10 wt%: at a voltage of IS KV with a flow rate of 0.051 ml/min.
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Similarly, mean diameter of the fibers obtained from 12 wt% of CA in acetone
with a water content of 12 wt% in CAiacetone solution for various flow rates and
voltages is listed in Table 6.6. The corresponding SEM images are shown in Figure 6.32 Figure 6.36.
Table 6.6 Mean diameter of the fibers of 12 wt% ofCA in acetone with 12 wt% of water
in CAiacetone solution.
E1ectrospinning conditions

Mean Diameter

0.103 ml/min, 12kv, 11cm

694.8nm

0.103 ml/min, 15kv, Ilcm

693.6nm

0.051 ml/min, 12kv, 11cm

499.7nm

0.051 ml/min, 15kv, 11cm

642.6nm

Figure 6.32 Sample overall orientation for 12 wt% CAiacetone solution with a water
content of 12 wt%.
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Figure 6.33 SEM images of aligned fibers from CAlacetone/water solutions (12 wt% of
CA) at water content of 12 wt%: at a voltage of 12 KV with a flow rate of 0.1 03 mlImin.

Figure 6.34 SEM images of aligned fibers from CAlacetone/water solutions (12 wt% of
CA) at water content of 12 wt%: at a voltage of 15 KV with a flow rate of 0.103 mUm in.
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Figure 6.35 SEM images of aligned fibers from CAiacetone/water solutions (12 wt% of
CA) at water content of 12 wt%: at a voltage of 12 KV with a flow rate of 0.051 ml/min.

Figure 6.36 SEM images of aligned fibers from CAiacetone/water solutions (12 wt% of
CA) at water content of 12 wt%: at a voltage of 15 KV with a flow rate of 0.051 mllmin.
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In addition, mean diameter of the fibers obtained from 12 wt% of CA in acetone
with a water content of 15 wt% in CNacetone solution for various flow rates and
voltages is listed in Table 6.7. The corresponding SEM images are shown in Figure 6.37Figure 6.4 \.
Table 6.7 Mean diameter of the fibers of 12 wt% of CA in acetone with 15 wt% of water
in CNacetone solution.
Electrospinning conditions

Mean Diameter

0.103 mllmin, 12kv, Ilcm

523.3nm

0.103 mllmin, 15kv, Ilcm

633.4nm

0.051 ml/min, 12kv, Ilem

493.9nm

0.051 ml/min, 15kv, Ilem

780.lnm

Figure 6.37 Sample overall orientation for 12 wt% CNacetone solution with a water
content of 15 wt%.

PI
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Figure 6.38 SEM images of aligned fibers from CNacetone/water solutions (12 wt% of
CA) at water content of 15 wt%: at a voltage of 12 KV with a flow rate of 0.1 03 ml/min.

Figure 6.39 SEM images of aligned fibers from CNacetone/water solutions (12 wt% of
CA) at water content of 15 wt%: at a voltage of 15 KV with a flow rate of 0.1 03 ml/min.
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Figure 6.40 SEM images of aligned fibers from CNacetone/water solutions (12 wt% of
CA) at water content of 15 wt%: at a voltage of 12 KV with a flow rate of 0.051 ml/min.

Figure 6.41 SEM images of aligned fibers from CNacetone/water solutions (12 wt% of
CA) at water content of 15 wt%: at a voltage of 15 KV with a flow rate of 0.051 mllmin.

"
78
6.3.2 15 wt% of Cellulose Acetate Solution
Mean diameter of the fibers obtained from 15 wt% of CA in acetone with a water content
of 10 wt% in CAiacetone solution for various flow rates and voltages is listed in Table
6.8. The corresponding SEM images are shown in Figure 6.42 - Figure 6.46.
Table 6.8 Mean diameter of the fibers of 15 wt% ofCA in acetone with 10 wt% of water
in CAiacetone solution.
Electrospinning conditions

Mean Diameter

0.103 ml/min, 12kv, Ilcm

707.lnm

0.103 mllmin, 15kv, IIcm

793.4nm

0.051 ml/min, 12kv, Ilcm

754.6nm

0.051 ml/min, 15kv, II cm

564.8nm

Figure 6.42 Sample overall orientation for 15 wt% CAiacetone solution with a water
content of 10 wt%.
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Figure 6.43 SEM images of aligned fibers from CNacetone/water solutions (15 wt% of
CA) at water content of 10 wt%: at a voltage of 12 KV with a flow rate of 0.1 03 mllmin.

Figure 6.44 SEM images of aligned fibers from CNacetone/water solutions (15 wt% of
CA) at water content of 10 wt%: at a voltage of 15 KV with a flow rate of 0.1 03 mllmin.
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Figure 6.45 SEM images of aligned fibers from CAiacetone/water solutions (15 wt% of
CA) at water content of I 0 wt%: at a voltage of 12 KV with a flow rate of 0.051 mllmin.

Figure 6.46 SEM images of aligned fibers from CAiacetone/water solutions (15 wt% of
CA) at water content of 10 wt%: at a voltage of 15 KV with a flow rate of 0.051 ml/min.
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6.4 Isolation of a Single Nanofiber

As described in the experimental methods (5.4.4), electrospinning was carried out for a
few seconds at a flow rate of 0.051 mllmin, an electric potential of 12 KV and the
di stance between the collector and the grounded target was II cm. A few strands of fibers
were deposited in between the parallel strips. Parallel strips containing single strand of
fiber was isolated by cutting away the frame surrounding the isolated filament. This
isolated filament can be effectively used for mechanical testing. The digital image of the
isolated single nanofiber between the parallel strips in shown in Figure

Figure 6.47 Cardboard frame containing isolated nanofibers between parallel strips .

CHAPTER 7
DISCUSSION

From the SEM images it has been clearly shown that, the fibers obtained by both the
techniques are properly oriented, irrespective of the polymer concentration. Regarding
polymer concentration it was impossible to collect a continuous fiber in the gap at a
concentration below 10 wt%. Moreover, at a polymer concentration below 10 wt%,
amorphous powder got deposited on the blades during electrospinning. In contrast, at
concentrations higher than 15 wt%, electrospinning was hard to conduct due to the high
viscosity of the solution. In this case, as soon as the droplet comes out of the needle it
was dried out before a constant jet could be formed. These constraints defined the useful
range of CA concentration in acetone/water solution, with a minimum of 10 wt% and a
maximum of 15 wt% for electrospinning.
A mixture of beads and fibers were generated at a polymer concentration of 10
wt%. In the case of higher polymer concentrations, i.e., 12 wt% and 15 wt%, uniform
fibers were obtained. So the fiber morphology is observed to change from bead structure
to uniform fiber structure. This can be explained as follows; at lower concentrations,
there is not sufficient time for the solvent to evaporate, before they reach the grounded
collector. [107]. The elongational stress of electric field is relieved, when these "wet"
fibers, reached the grounded target. As a result of surface tension a relaxation process,
controlled by viscoelastic property of wet fibers, causes them to contract resulting in
bulges in the filament or so called beads. In case of higher CA concentrations the solvent
is evaporated before they reach the grounded target. The results clearly showed that,
diameter and uniformity of the fibers increases with increase in polymer concentration.
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From the results in chapter 6, it is clearly seen that for a constant flow rate and at
various polymer concentrations, increase in electric potential results in larger average
diameter in both techniques. The basic principle of electrospinning is when the applied
electric potential overcomes the forces associated with the surface tension of the polymer
solution; an electrically charged jet is ejected. Demir's group [108] proved that jet
diameter increases with an increase in the applied electric potential. In general, under
constant flow rate, the final fiber diameter depends on the applied voltage in the
following form:
d E-1/2
This scaling law shows that lower the applied voltage, lesser the fiber diameter
[109]. But at very low voltages, for example less than 10 KV, the applied voltage is not
enough to overcome the surface tension. The electrically charged jet was not stable at
voltages less than 10 KV. A threshold voltage is needed to overcome the forces
associated with surface tension. In case of 10 wt%, 12 wt%, and 15 wt% of polymer
concentration, the initiating jet was formed when the applied electric potential exceeded
10 KV. At an electric potential of 10 KV, very few fibers got deposited between the gap
in both the methods, and this was not enough to characterize the fibers. So an electric
potential of more than 10KV was preferred.
From the results, it was found that the lower the flow rate, the smaller the fiber
diameter. The reason is at higher flow rate, droplet suspended at the end of the spinneret
is large and the jet that is ejected from the suspended droplet carries away the fluid with a
higher velocity. So, the electrospun fibers are harder to dry when they reach the grounded
target and it results in a larger fiber diameter. Considering the water concentration, the
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mean diameter of the fibers for water contents of 10, 12, and 15 wt% were almost
comparable to each other.
Regarding the methods that were used to form aligned fibers, in-line arrangement
method is the simplest method to form aligned fibers. This is because in this arrangement
the fibers get deposited only on the tip of the aluminum blades. In order to collect the
specimen for analysis this method of collecting aligned fibers is very easy, since the
fibers deposited only on tips of the blades; it doesn't affect the orientation much during
collection. But the overall density of fiber formation is less when compared to parallel
arrangement. Using this method it is possible to produce short length of nanofiber yarn.
In case of parallel arrangement the fibers get deposited not only in the gap
between two aluminum blades, but also on the top of the blades. The fibers in the gap are
highly oriented. But when transferring the aligned fibers into a stub, for characterization,
the method of collection is very critical. Proper care has to be taken; otherwise it affects
the observed fiber orientation. The density of the fiber formation can very high when
compared to line arrangement method. It's been suggested that an aligned nanofiber mat
is possible using this technique.
The collection of single nanofiber depends on the modification of the parallel
arrangement setup. This modified parallel arrangement setup facilitates the collection of
single nanofiber by simply inserting a cardboard frame with parallel strips on a double
sided tape. And a single fiber deposited on one of the openings formed by the parallel
strips could be isolated by cutting away the rest of the frame. This isolated single
nanofiber would be handled in a manner that would allow it to be mounted in a
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mechanical testing device. Finally, observation of fluctuations along fiber length suggests
the occurrence of a complex phase separation process.

CHAPTER 8
CONCLUSION AND FUTURE DIRECTIONS
8.1 Conclusions
In summary, it is been demonstrated that cellulose acetate in a mixed solvent of acetone
and water was effectively electrospun to form ultrafine fibers. The useful concentration
range for electrospinning was found between 12 wt% and 15 wt%. By varying the
polymer concentration, voltage, and flow rate, conditions were identified where the
process of electrospinning generated more uniform fibers in nanometer range. The jet
ejected from the polymer solution in electrospinning travels in a chaotic path, making the
fabrication of a highly ordered structure difficult. Through the use of aluminum blades in
both in-line arrangement method and in parallel arrangement method, it is feasible to
form fiber yarns and mats which consist of highly aligned fibers. These fiber yarns and
mats composed of smooth, uniform and cylindrical fibers of varying diameters.
Very few papers in the published literature showed the collection of single
nanofiber for tensile testing, to characterize the mechanical behavior of a nanofiber
scaffold. In this thesis work, a simple and versatile modified parallel arrangement method
has been used to demonstrate the collection of single nanofiber. Observation of a possible
complex phase separation along the fiber length is an interesting phenomenon that could
be further studied.
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8.2 Future Directions
The possible extension of the work could be using aligned CA mats as scaffolds for cell
growth and can also be used as membranes. Regarding this, more effective
electrospinning like reducing the fiber diameter, developing cell culture assays could be
carried out to harmonize the work done in this thesis. Regenerated cellulose nanofiber
membranes can be obtained from cellulose acetate nanofiber mats by deacetylation.
Possible measures to reduce the fiber diameter could be modify the existing setup to
increase the distance between needle and grounded collector, study the effect of varying
gap between two blades in terms of fiber diameter and also addition of ionic salts to
polymer solution. Possible measures can be taken to reduce the thickness of the
electrodes to facilitate the formation of denser oriented mats.
Using the method of isolating and handling a single nanofiber developed in this
work, tensile test can be performed using a nano scale mechanical testing device. This
would be helpful in predicting the mechanical behavior of scaffolds. Further, the phase
diagram behavior of cellulose acetate/acetone/water mixtures should be examined to
determine if phase separation along the length of nanofiber is an important process
contributing to the mechanical behavior of the filament.
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